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Direct measurement of the vortex migration caused by traveling magnetic
wave
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(Received 6 June 2013; accepted 19 November 2013; published online 21 January 2014)
We studied the magnetisation of a 2 in. diameter YBCO thin film in the presence of traveling
magnetic waves with six hall sensors. Simulation based on finite element method was
conducted to reproduce the process of magnetisation. We discovered that the magnetisation of
YBCO thin film based on traveling waves does not follow the constant current density
assumption as used in the standing wave condition. We have shown that the traveling wave is
more efficient in transporting the flux into the YBCO thin film, which suggests the potential of
a flux injection device for high temperature superconducting coils. VC 2014 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4862788]
Magnetisation of type-II superconductors has been stud-
ied over decades. It was generally accepted that the magnet-
isation is due to the pinning of vortices which penetrated into
the type-II superconductors. The pinning force shapes the
flux line lattice into magnetic gradient which ends up with
circulating current according to Ampere’s law. The pinning
force is a function of thermal fluctuation and grain direction
for anisotropic structures, while the inter-vortex forces are a
function of density, spin direction, geometry, etc. In general,
the constitutive relation in a type-II superconductor can be
very complicated, which depends on the temperature, field
density, field direction, etc. However, the most intuitive
understanding of the problem can be obtained by simply
assuming the constant critical current JC inside the type-II
superconductor, i.e., the Bean’s critical state model.1 To
date, Bean model remains a very powerful tool to understand
the general magnetisation problem in type-II superconduc-
tors. The constant critical magnetic gradient appears fre-
quently in text books on the electromagnetism of type-II
superconductor.2
Brandt had theoretically shown that type-II supercon-
ducting cylinders with different demagnetization factors may
end up with different magnetisation profile.3 His study was
based on the standard standing wave condition, i.e., uniform
background field. In our study, we would like to show that,
for type-II superconductors of large demagnetization factor,
the application of a traveling wave may end up with an even
more unexpected magnetisation profile. This work is the fol-
low up of our previous publication4 which suggested that the
traveling wave causes local vortex migration, which is very
different from the standing wave condition. To date, most
theoretical studies for the ac losses were based on the stand-
ing wave, however, ac losses is more common in traveling
wave conditions such as inside a superconducting motor.
This work tries to provide experimental evidence to show
that the traveling wave can result in a rather different mag-
netisation profile in a YBCO thin film.
This work also attempts to explain the emerging flux
pump technique for high temperature superconducting
(HTS) coils from the viewpoint of vortex migration. Bai and
Hoffman had reported the successful magnetisation of a
YBCO coil to its critical current with either a linear three
phase winding5 or a rotating magnet.6 Recently, Walsh had
reported the magnetization of a 2 T NMR relaxometry mag-
net with a rotating magnet.7 Although the operations of these
reported devices are quite successful, the underlying physics
is not clearly understood.
The apparatus we used to study this problem is called the
circular-type magnetic flux pump (CTMFP) device.8 This de-
vice can produce an annular shape traveling wave which fits
our round YBCO sample. The experimental setup and some
early experimental results of the CTMFP system had been
reported in our previous publications.4,8,9 The CTMFP is the
conceptual combination of the thermally actuated flux pump10
and the linear type magnetic flux pump (LTMFP).11 Fig. 1(a)
shows the core components of the CTMFP device. It com-
prises two CTMFP magnets, with each magnet containing a
three phasing winding and a dc coil. The purpose of two identi-
cal CTMFP magnets is to eliminate the influence of cross
field12 or flux shaking effect13 in the centre of the gap. The
sample is a 2 in. diameter YBCO thin film provided by Ceraco
Ceramic Coating GmbH, Germany. The YBCO layer is
200 nm thick and is deposited on Al2O3 wafer. Six Hall sensors
are placed along a radius of the device as shown in Figs. 1(a)
and 1(b). The Hall sensors are arranged 5mm apart. The six
hall sensors are connected to a multi-channel data acquisition
card Agilent U2353A. The real-time Hall voltages are col-
lected and calibrated by a Labview program. In order to deter-
mine the phase of the traveling wave, another Hall sensor is
attached in the back of the CTMFP coil as shown in Fig. 1(a).
The numerical simulation is based on the H-formulation.14
The governing equation is the combination of Faraday’s law
and Ampere’s law, which is solved by the finite element
(FEM) software. The governing equation is rearranged as15
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FIG. 1. The circular-type magnetic flux pump device. (a) The CTMFP; (b) the six hall sensor array.
FIG. 2. The measured evolution of the magnetic gradient and calculated current density distributions (normalized by JC) after applied the traveling magnetic
wave. The left column shows the measured field (dc background field and traveling wave) without the YBCO sample, while the right column shows the result-
ant field with the YBCO sample.
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In the axial symmetric model, two components of the
magnetic field were solved: H¼ [Hr, Hz]T. For the YBCO
sample, q is derived from the E-J power law, which is
expressed as: q ¼ Jn1EC=JnC. We use JC¼ 1.87 MA/cm2,
n¼ 30, and EC¼ 104 V/m in our calculation. The values of
JC and n are derived by fitting the simulation with the loga-
rithmic decay curve16 obtained from the magnetisation mea-
surement. The anisotropy and the field dependency of the
critical current are not considered in the calculation, since
the applied field is always normal to the sample surface and
the applied traveling wave varies in a small range
(2.0mT).
We have shown in our previous publication4 that the
traveling wave can help the vortex to migration into the
centre of the YBCO sample after the zero-field cooling
(ZFC). In this experiment, we perform this experiment again
with six hall sensor array. The output voltage of the inverter
is increased to 10V and the amplitude of the traveling wave
is about 2mT. The frequency is set as 0.1Hz. We are inter-
ested in why the field in the centre of the sample increases
drastically and how the current inside the superconductor
changes due to the traveling wave. In Fig. 2, we show the
process as the field in the centre rises up as the wave travels.
Simulation results are also shown in these figures to show
the validity of the model. The calculated current density dis-
tributions are plotted in the figures as well to help understand
the magnetisation process.
The left column in Fig. 2 shows the applied field without
a superconductor, i.e., dc background field in Fig. 2(a) and
the traveling magnetic wave in Figs. 2(c)–2(i), while the dc
background field (Fig. 2(a)) was present in the whole
experimental process. The right column in Fig. 2 shows the
measured field in the presence of the YBCO sample at corre-
sponding time: Fig. 2(b) shows the magnetic shielding pro-
file after applying the dc background field; Figs. 2(d)–2(j)
show the resultant field at corresponding phase of the applied
traveling wave as shown in the left column. We have also
plotted the calculated current density profiles in each time
step. Since the sample is very thin (200 nm), the current den-
sity does not change across the thickness as can be verified
from the model. Therefore, we take the current density
across the centre of the sample, then normalized by its criti-
cal current JC.
In Fig. 2(b), as the standing wave is applied to the sam-
ple, there is clearly a magnetic shielding profile. The simula-
tion shows that the current is constant across the radius and
is about 80% of JC. This is a very typical magnetisation pro-
file after applying a standing wave as suggested by Bean
model.1 In Figs. 2(c) and 2(d), as the crest region of the trav-
eling wave arrives at r¼ 20mm, the current density near the
edge of the sample increases to about 95% of JC, while the
current density in the inner area drops to 45% of JC. As the
crest region travels further at r¼ 10mm, it is interesting to
see that the sample has been re-magnetised to 80% of JC.
However, the current density on the edge has decreased to
zero. As the trough region travels at r¼ 20mm as in Fig. 2
(g), the current density on the edge reverses direction to
about 80% of JC as shown in Fig. 2(h). Meanwhile, we have
seen a clear increase of flux density in the centre of the sam-
ple. As the wave travels further into the sample as shown in
Figs. 2(i) and 2(j), we can see that the current density
between r¼ 10mm and 20mm decreases, while the flux
FIG. 2. (Continued)
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density in the centre increases further to 5.2mT. Comparing
the current density profiles in Figs. 2(h) and 2(j) with Figs. 2
(d) and 2(f), we can also see that as the trough region travels
into the superconductor, the central region has been gradu-
ally magnetised.
Fig. 2 only shows the first 6.83 s during the first cycle of
the traveling wave. As shown in our previous publication,
the increase of the flux density in the centre of the sample
happens mostly in the first three cycles (predominantly the
first period).4 The following cycles do not change the mag-
netization very much. In Fig. 3, we show the final field pro-
file after applying the traveling wave (over 12 periods). This
result is compared with the field profile before the traveling
wave was applied. The calculated current densities are also
plotted in the figure. It is quite clear that, after applying the
traveling wave, the magnetic gradient had been decreased
drastically. Moreover, the simulation results show that,
before applying the traveling wave, the current density is
almost uniform across the sample (about 80% of JC).
However, after applying the traveling wave for 12 cycles,
the current density distribution inside the sample has become
very complicated. In general, the value of current density has
become much smaller than its critical current.
There are some arguments that the decrease in current
density might also been caused by the cross field effect12 or
the flux shaking effect.17 In our FEM model, we have tested
the field in the centre of the gap where the superconducting
sample is placed. The results shows that there is absolutely
no cross field, i.e., the field parallel to the sample surface is
zero. The applied field is always normal to the sample sur-
face, so this cannot be caused by the cross field effect.
Moreover, there are some arguments to say that the flux
shaking in the direction normal to the sample surface might
also cause such effect. However, as shown in our previous
publication,4 a standing wave normal to the sample surface
does not “shake” the flux in the YBCO sample. As a matter
of fact, it follows the Bean model prediction quite well.
In this experiment, we have shown that the magnetisa-
tion caused by the traveling wave is much more complicated
than caused by a standing wave, i.e., it does not follow the
constant current density assumption as suggested by the
Bean model. The field inhomogeneity in space can lead to
local variations of current density inside the type-II super-
conducting thin film, which is more likely to compromise the
existing magnetic gradient as suggested by our experiment.
This effect should be considered in the ac loss calculations
especially for superconducting motors.
Also, we have shown that the traveling wave is more ef-
ficient in transporting the flux inside the YBCO sample. This
interesting vortex dynamics phenomenon might suggest that
the traveling wave can be used to magnetize type-II super-
conducting coils: in the case of a superconducting loop, such
as superconducting coils, the traveling wave may help the
vortices migrate from outside into the loop, which could
gradually magnetize the superconducting coils as shown in
Hoffman’s6 and Bai’s5 works. The mechanism of this flux
pump shows complete distinction from the conventional
type-I superconducting flux pump, in which the flux migrates
with the help of normal spots.18
The authors would like to acknowledge Dr. D. Hasko
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FIG. 3. The magnetic gradient measured 1.5mm above the sample and cal-
culated current density distribution before and after applying the traveling
wave.
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